ABsTRAcT UNGER, LEON (University of Illinois, Urbana), AND R. D. DEMoss. Action of a proline analogue, L-thiazolidine-4-carboxylic acid, in Escherichia coli. J. Bacteriol. 91:1556Bacteriol. 91: -1563Bacteriol. 91: . 1966.-The effect of the proline analogue, L-thiazolidine-4-carboxylic acid (thioproline), on growth, and its relation to the metabolic function of proline in protein synthesis in Escherichia coli K-12, has been studied. Thioproline causes linear growth in E. coli within one generation. The inhibition is specifically reversed by the simultaneous addition of L-proline. Thioproline, or a closely related metabolic derivative, is incorporated into bacterial proteins. Proline antagonizes the incorporation of "thioproline" into protein. The analogue specifically inhibits the rate and extent of prolyl-ribonucleic acid formation. The effectiveness of thioproline as a proline analogue is attributed to its ability to interfere with the utilization of proline for protein synthesis and to mimic proline in its function of being incorporated into proteins. The effect of the incorporation of thioproline on protein structure and enzyme activity is discussed.
It is now well recognized that structural analogues of amino acids can inhibit the growth of microorganisms by mimicking various essential functions of naturally occurring amino acids (5, 16, 17) .
Recently, two effective proline antagonists have been reported. L-Azetidine-2-carboxylic acid (6, 8 ) and 3,4-dehydro-DL-proline (7, 19, 21) replace proline stoichiometrically in both bacterial and plant proteins, accompanied by growth inhibition. This paper presents a study of another structural analogue of proline, L-thiazolidine-4-carboxylic acid (thioproline). Thioproline is the product of the nonenzymatic condensation of equimolar quantities of formaldehyde and L-CYSteine (15, 20) to yield the saturated imino acid containing S as a thioether. Stereochemical considerations (11) suggest an interesting property of this compound as a proline analogue: replacement of a proline molecule by thioproline would not be expected to alter appreciably the tertiary ' This paper was taken from a thesis submitted by L. Unger to the faculty of the University of Illinois Graduate College in partial fulfillment of the requirements for the Ph.D. degree. 2 Present address: Institute of Microbiology, Rutgers, The State University, New Brunswick, N.J. structure of the a-helix of a polypeptide. Therefore, any interference with proline metabolism in protein synthesis might be expected to be uncomplicated by the potentially far-reaching consequences of major alterations in the conformational features of proteins.
It has been previously reported by Beerstecher (2) that thioproline completely inhibits the growth of Escherichia coli in a mineral salts-glucose medium. Proline was the most effective of the natural amino acids in reversing the inhibition. We have extended this finding and have examined it in relation to the metabolic functions of proline. Our attention has been especially directed to the selection between proline and thioproline which may occur during the elaboration of protein molecules. The results indicate that thioproline is a specific analogue of proline which mimics the natural amino acid in its ability to be incorporated into protein and interferes with the utilization of proline at or prior to transfer ribonucleic acid (RNA) binding.
MATERIALS AND METHODS
Organism, medium, and cultivation techniques. E. coli strain K-12 was used throughout these studies. Cultivation was in slightly modified C medium (18) of the following composition per liter: NH4Cl, 1 g; 1556 on October 3, 2017 by guest http://jb.asm.org/ Downloaded from THIOPROLINE ACTION IN E. COLI Na2HPO4, 6 g; KH2PO4, 3 g; NaCl, 3 g; MgCl2, 0.04 g; Na2SO4, 0.161 g; sodium lactate, 1%. Growth of cultures on a rotary shaker at 37 C, in 50-ml Erlenmeyer flasks or 250-ml Erlenmeyer flasks fitted with colorimeter tubes, was measured turbidimetrically in an Evelyn colorimeter. Cell density was determined from a previously prepared standard curve relating dry weight to absorbancy (A) at 490 m,u. The following procedure was used in culturing cells for growth studies. An inoculum from a nutrient agar (Difco) stock slant was grown in 10 ml of C medium for 12 to 15 hr. A transfer (0.5% inoculum) was made to an appropriate volume of fresh C medium; the exponentially multiplying culture was grown to approximately 0.1 A, and corresponded to a dry weight of about 140 jig/ml. At this point, thioproline and other supplements were added directly to the exponentially growing cultures.
Synthesis and assay of thioproline. Thioproline was synthesized and purified according to the procedure of Ratner and Clarke (15) and Schubert (20) , as modified by Mackenzie and Harris (13) . The product isolated was characterized as pure thioproline on the basis of its melting point and behavior when subjected to paper and column chromatography.
Thioproline was assayed quantitatively with chromotropic acid by the procedure of Frisell, Meech, and Mackenzie (10) . Absorbancy was measured at 565 mju with an Evelyn colorimeter and was converted to Aimoles of thioproline by use of a previously determined conversion factor. Absorbancy was a linear function of the concentration of thioproline within a range of 5 X 10-3, mole to at least 5 X 10-2 ,umole of thioproline per ml of solution in the colorimeter tube.
Preparation of cells for isotope studies. Cultures were grown at 37 C on a rotary shaker in 200 ml of C medium (1 X C) containing 200 jig of L-proline per milliliter to 0.2 A, corresponding to a dry weight of 310 jug/ml. The cells were harvested, washed once with 40 ml of double-strength C medium (2 X C) from which NH4Ci had been omitted (2 X C without N), and resuspended in 2 X C without N to 0.4 A. The cells were starved for nitrogen for a total period of 2 hr. When desired, chloramphenicol was added at the end of the 1st hr of nitrogen deprivation at a final concentration of 300 uig/ml, and the incubation was continued for an additional hour. Nitrogen was reintroduced as NH4Cl, other additions were made as noted in each case, and an appropriate volume of distilled water was added to redilute the cell suspension to 0.2 A and the 2 X C to single-strength C medium.
Disruption of cells and analytical methods. Cells were harvested by centrifugation, washed twice, and then resuspended in cold 0.02 M phosphate buffer (pH 7.0). Suspensions were disrupted by extrusion twice through a small orifice in a French pressure cell (9) . The extracts were centrifuged at 4 C for 20 min at 23,500 X g.
Bacterial cells and extracts were fractionated by the procedure of Roberts et al. (18) . When suitable, bovine serum albumin (1.0 to 2.0 mg) or herring sperm deoxyribonucleic acid (2.0 mg) was added as carrier. If it was desired to measure incorporation into the cold trichloroacetic acid-soluble metabolic pool, samples were chilled and washed with 40 ml of cold C medium before precipitation with trichloroacetic acid.
Radioactivity was measured in a Packard Tri-Carb liquid scintillation spectrometer in solutions of organic pnosphors in toluene, or with a Nuclear-Chicago gas flow end-window counter.
Hydrolysis of the principal protein fraction of cells was performed in 6 N HCI for 24 hr at 110 C in evacuated, sealed ampoules. The presence of nonradioactive thioproline in hydrolysates of the principal protein fraction of cells was detected on a Beckman/Spinco amino acid analyzer (14, 22) .
The protein contents of cells and extracts were determined according to the method of Lowry et al. (12) . Trichloroacetic acid precipitates were dissolved in 1 N NaOH prior to protein assay. Radioactive compounds. Thioproline-2-C14 (Lthiazolidine-2-C'4-4-carboxylic acid) was synthesized from radioformaldehyde and L-cysteine by the method described above, and recrystallized to constant specific activity. 
RESULTS
Effect of thioproline on growth of E. coli in C medium; reversal ofinhibition by proline. Addition of thioproline to an exponentially growing culture results in a pronounced phase of linear growth within approximately one generation (90 min; Fig. 1 ). The rate of this linear growth is a function of the thioproline concentration and remains constant for at least 8 hr. There is essentially no growth at final thioproline concentrations above 2.25 ,umoles/ml. Simultaneous addition of proline restores exponential growth at a somewhat reduced rate. Maximal proline reversal of inhibition in a 24-to 36-hr period is approximately 90% of the total control growth.
The lag preceding the onset of linear growth can be shortened but not eliminated by starving for nitrogen for 1 hr prior to addition of the analogue (Fig. 2 ). This observation indicates that the delayed effect of thioproline on growth partially reflects the reversal of inhibition by accumulated, endogenous proline. The inability to eliminate entirely the lag suggests that the onset of linear growth is dependent on a limiting prior conversion of thioproline to an inhibitory derivative. This view is supported by the observation that the lag appears to be independent of the analogue concentrations tested (Fig. 1) . The initial delay of growth inhibition presumably reflects the time required for the accumulation at the site of inhibition of an effective steady state "thioproline" concentration. The slight decrease of the growth rate immediately upon addition of the analogue may be related to a second site of thioproline action.
The period preceding growth inhibition does not appear to reflect the time required for induction of a specific thioproline transport system. The kinetics of thioproline-C'4 uptake by growing cells are shown in Fig. 3 Table 2 reveals that whereas 0.251 ,umole of thioproline-C'4 is incorporated per milligram of newly synthesized protein in the absence of exogenous proline, only 0.054 ,mole/mg is incorporated in the presence of the natural amino acid. The protein-synthesizing mechanism is apparently able to reject approximately 78 % of the analogue when provided with proline. Although thioproline does not appear to be completely excluded from proteins in the presence of proline under these conditions, the natural amino acid is preferentially selected to an extent which allows maximal reversal of growth inhibition. Essentially similar results were found when the cultures were incubated for 24 hr.
Chromatographic analysis of protein hydrolysates reveals the presence of an unidentified amino acid in the proteins of inhibited but not reversed cells. This compound does not appear to be thioproline. It is eluted from the amino acid analyzer column as a single peak at 4 hr 18 min, as compared with the peak at 4 hr 50 min observed for thioproline. Moreover, the thioprolineninhydrin reaction complex has a higher relative absorption at 440 m,u than the ninhydrin complex of the unknown amino acid. It appears likely that the unidentified compound, which is eluted from the column between aspartic acid and threonine, is a metabolic derivative of thioproline, and that it is in this form that the analogue is incorporated into microbial proteins. Thioproline interference with prolyl-RNA formation. Since proline interferes with the incorporation of "thioproline" into proteins, and the analogue appears to be a specific antagonist of proline, it was of interest to obtain information bearing on the step(s) of protein synthesis at which thioproline exerts its action.
Culture conditions and preparation of cells were identical to those described in the preceding section, except that chloramphenicol at a final concentration of 300 ug/ml was included after nitrogen starvation. This procedure enabled a direct comparison of the uptake of radioactive amino acids onto transfer RNA in the presence and absence of thioproline. Samples were removed at suitable intervals and were precipitated and washed with cold 5% trichloroacetic acid in the presence of 1.0 mg of carrier protein.
It is clear from Table 3 that, when protein synthesis is inhibited, essentially all of the cold trichloroacetic acid-insoluble proline-C'4 incorporated in 60 min, either in the presence or absence of thioproline, can be extracted with hot trichloroacetic acid treatment. Similar results were obtained when the cultures were incubated for 9 hr. Since the free amino acid pool was previously removed with cold trichloroacetic acid, it is concluded that the measurements of cold trichloroacetic acid-insoluble radioactivities in these experiments primarily reflect transfer RNAbound proline. Additionally, Table 3 shows that, in this experiment, thioproline inhibits the formation of prolyl-RNA by approximately 78 %.
Examination of the kinetics of prolyl-RNA formation revealed that in the presence of thioproline there is an appreciable reduction in the rate as well as the extent of proline incorporation onto transfer RNA (Fig. 4) . The initial uptake of proline appears to proceed in a linear fashion either in the absence or presence of the analogue. Simultaneously introduced thioproline has the effect of curtailing the extent of proline incorporation by approximately 66% at the end of 60 min under these conditions. Preincubation in thioproline for 30 min (Fig. 4) further decreases both the velocity and amount of proline incorporation; this observation is consistent with the view, initially expressed in connection with the lag prior to onset of linear growth, that there is a limiting prior conversion of thioproline to an inhibitory derivative. The possibility that thioproline causes a nonspecific, generalized reduction in the size of the acceptor RNA pool by inhibiting the synthesis of transfer RNA could not be excluded. If the analogue does exert such an action, the incorporation of structurally-unrelated amino acids should also be reduced and to the same extent as that of proline. The evidence presented in Table 4 shows that incorporation of valine, leucine, and phenylalanine is not markedly affected by the presence of thioproline, whereas the total extent of proline attachment to transfer RNA is reduced by approximately 83%. This result indicates that the analogue does not significantly alter the size of the acceptor RNA pool by inhibiting RNA synthesis.
It is concluded that thioproline specifically interferes with the utilization of proline for protein synthesis either at the level of binding to (0.04 lnole/ml, 2.13 X 105 counts/min per jmole) (A, B, C). Thioproline (final concentration, 6.0 ,umoles/ ml) was added to one of these cultures simultaneously (B), and to a second culture 30 min prior to the introduction of proline-U-C14 (C). The third culture received no thioproline (A). Cultures were sampled at appropriate intervals, and the cold trichloroacetic acid-insoluble fractions measured for radioactivity. transfer RNA or at a preceding stage (e.g., adenosine triphosphate-dependent carboxyl activation to form prolyl adenylate).
DISCUSSION
Addition of thioproline to an exponentially multiplying culture of E. coli leads to a growth response closely resembling that caused by other amino acid analogues known to be incorporated into proteins (16) . Growth inhibition is slight for approximately one generation after exposure to thioproline. Thereafter, a period of linear growth ensues, which is specifically reversible by proline. The delayed onset of inhibition is most often explained on the basis of an initially adequate synthesis of the natural amino acid to successfully compete with the analogue for incorporation into protein (7, 16) ,lmole per ml of either the normal end product of the pathway, proline, or the structural analogue, 3, 4-dehydroproline. Under similar conditions, thioproline and azetidine-2-carboxylic acid are far less efficient feedback inhibitors. It would appear that the levels of thioproline (1.5 to 2.25 ,umoles per milliliter) used in the experiments described in the present paper were sufficient to exert a moderate degree of false feedback inhibition. Inhibition of the synthesis of proline should provide thioproline with a competitive advantage for incorporation into proteins by increasing the relative intracellular concentration of analogue to natural amino acid (16) .
Whereas the observed lag preceding thioproline inhibition might, in part, be explained on the basis of an intracellular proline to analogue ratio initially favorable to proline, the available data suggest that other factors may be operative. If the lag were solely a function of the relative availabilities of proline and its analogue, then it could be expected that increasing the level of thioproline relative to that of proline would lead to either a decrease of the duration or rate of growth (or both) during the initial period preceding linear growth. The evidence is not in agreement with this prediction. The inability to eliminate the delay either by depletion of the proline pool (Fig. 2) or by increasing the thioproline concentration ( Fig. 1) suggests that at least part of the lag is not a direct function of the relative intracellular levels of thioproline to proline. The observations that thioproline both enters the cell (Fig. 3) and is metabolized (24) without an induction lag, and the presence of what appears to be a closely related metabolic derivative of thioproline in the proteins of inhibited cells, support the view that inhibition commences after prior conversion of thioproline to an effective concentration of an "active" derivative. If an "active" form of thioproline is in fact responsible for growth inhibition, its structure apparently bears sufficient resemblance to that of proline so as to permit a specific interference with the utilization of proline for protein synthesis, as well as reversal of its action by the simultaneously introduced natural amino acid.
The conclusions that thioproline specifically interferes with the utilization of proline for protein fabrication and that this antagonism appears to occur either at or prior to binding onto transfer RNA is based on the following evidence: (i) Thioproline inhibits the growth of E. coli (Fig. 1) . The kinetics of growth inhibition closely resemble those observed for all analogues known to substitute for natural amino acids in proteins (16 by any other amino acid ( Fig. 1; Table 1 ). (ii) Thioproline or an "active" derivative is incorporated into cell proteins (Table 2) . Proline reduces the extent of incorporation of "thioproline" into proteins by approximately 80%. (iii) Thioproline specifically inhibits the attachment of proline onto acceptor RNA by 78 to 85% (Tables 3 and   4 ).
The same enzyme which catalyzes the carboxyl activation of a given amino acid is thought to mediate also the transfer of the aminoacyl moiety from the aminoacyl adenylate to a specific acceptor RNA (3) . The available data for thioproline do not distinguish at which of these two steps the analogue interferes with proline utilization, nor do they exclude the possibility of a further selection at a later stage in protein synthesis. Our findings that proline antagonizes the incorporation of thioproline into protein and that thioproline specifically interferes with prolyl-RNA formation strongly suggest that the natural amino acid and the analogue share common protein-synthesizing machinery.
Proline is thought to contribute in large measure to the overall specific tertiary structure of a protein molecule. Since proline is a secondary amine, its shape is such that it cannot be accommodated into the a-helical structure of a polypeptide. Consequently, a helical protein molecule must make a sharp bend in its axis at each proline residue and then reassume its coiled structure. The order and frequency of proline residues is therefore thought to play an important, if not unique, role in determining the characteristic shape of a biologically active protein.
Replacement of proline by structural analogues could be expected to have a far-reaching effect on the folding and hence tertiary structure of polypeptides which, in turn, would likely lead to impaired biological activity. However, substitution of an S atom for the C atom in the 4 position of the pyrrolidine ring of proline to yield the thioether (thioproline) would not be expected to alter significantly the spatial geometry of the ring (11) . It is submitted, therefore, that replacement of proline by thioproline in the a-helix of a protein could be expected to have little or no effect on its characteristic tertiary structure. Implicit in this view is the likelihood that enzymatic activity of thioproline-containing proteins will be impaired only if the analogue substitutes for proline at an essential catalytic site.
